Abstract. We report here the synthesis and characterization of a few phenolate-based ligands bearing tertamino substituent and their Zn(II) and Cu(II) metal complexes. Three mono/binuclear Zn(II) and Cu(II) complexes (2,4-dimethylphenol) were synthesized by using three symmetrical tetradendate ligands containing N 2 O 2 donor sites. These complexes are characterized by a variety of techniques including; elemental analysis, mass spectrometry, 1 H, 13 C NMR spectroscopic and single crystal X-ray analysis. The new complexes have been tested for the phosphotriesterase (PTE) activity with the help of 31 P NMR spectroscopy. The 31 P NMR studies show that mononuclear complex [Zn(L1)(H 2 O)].CH 3 OH.H 2 O (1) can hydrolyse the phosphotriester i.e., p-nitrophenyl diphenylphosphate (PNPDPP), more efficiently than the binuclear complexes [Zn 2 (L2) 2 ] (2) and [Cu 2 (L3) 2 .CH 2 Cl 2 ] (3). The mononuclear Zn(II) complex (1) having one coordinated water molecule exhibits significant PTE activity which may be due to the generation of a Zn(II)-bound hydroxide ion during the hydrolysis reactions in CHES buffer at pH 9.0.
Introduction
Zinc is one of the essential trace elements and second most abundant transition metal in several important biological processes. 1 This element is important for the growth, development and differentiation of all types of life including microorganisms, plants and animals. 2 The strong Lewis acidity, rapid ligand exchange, flexible coordination geometry, lack of redox property and 'borderline' hard-soft behaviour make zinc as a suitable element for biological systems. 3 Zinc hydrolases are enzymes that contain zinc(II) at the active site and that catalyse a variety of hydrolytic reactions involving many different substrates. 4 Examples of some well-studied zinc(II) enzymes include carboxypeptidase, 5 D,D carboxypeptidase, 6 metallo-β-lactamase 7 and phosphotriesterase (PTE). 8 PTE, isolated from soil bacteria, is a binuclear zinc(II) enzyme 9 , which catalyses the hydrolysis of a wide range of organophosphate * For correspondence esters, including agricultural pesticides and chemical warfare agents (scheme 1). [10] [11] [12] To date, the natural substrate for PTE is not known. The active site of PTE consists of a binuclear zinc(II) metal ion bound to water or hydroxyl bridging group with Zn. . . Zn distances ranging from 3.0 to 3.5 Å 13 (figure 1). The inactivation of phosphotriesters is important as the accumulation of these organophosphate pesticides result in irreversible inactivation of the acetylcholinesterase (AChE), 14 which is a key enzyme for nerve function in living systems. PTE is known to hydrolyse these toxic organophosphorus compounds (triester) to less toxic diesters (scheme 1). 15, 16 The inhibition/inactivation of AChE by organophosphates leads to increase in the concentration of acetylcholine, which results in nerve failure, paralysis and ultimately such inhibition leads to death.
The design and synthesis of metal complexes that can hydrolyse phosphotriesters have attracted considerable attention. 17 Among them, only few complexes have been shown to catalyse the hydrolysis of phosphotriesters at ambient conditions. 18 Recently, we have reported some zinc(II) complexes as models for PTE at ambient conditions. 19 The use of chelating tetradenate amine-bis(phenolate) ligands for the synthesis of metal complexes is an important area of research in transition metal chemistry. 20 Particularly, such ligands have been used frequently for the synthesis of metalbased catalysts containing first-row transition metals. 21, 22 Recently, copper(II)-bisphenolate complexes have been used as functional models for various biomolecules. 23 In continuation of our work on the development of functional models for zinc hydrolases, particularly PTE, we have synthesized a few bis-phenolate ligands and their Zn(II) and Cu(II) complexes and studied the PTE activity of these complexes.
Experimental

General methods and materials
2,4-Dimethyl phenol, N,N-dimethylethylenediamine, N,N-diethylethylenediamine, CHES buffer, and diphenyl phosphoryl chloride were purchased from Sigma-Aldrich chemical company. 
Synthesis of ligand H 2 L1
A solution of 2,4-dimethylphenol (2.5 g, 30 mmol), N , N −dimethylethylenediamine (1.1 mL, 15 mmol) and 37% aqueous formaldehyde (2.4 mL, 42 mmol) in methanol (30 mL) was refluxed with stirring for 24 h. The mixture was cooled and the product was filtered and washed with ice-cold methanol to give the colourless bis-phenolate ligand. mp: 175-176
• C (lit [24] : 
Synthesis of ligand H 2 L2
A solution of p-cresol (3 mL, 28.7 mmol), N ,Ndimethylethylenediamine (1.5 mL, 14.3 mmol) and 37% formaldehyde (1.1 mL, 40 mmol) in methanol (20 mL) was refluxed with stirring for 24 h. The mixture was allowed to attain room temperature. The filtrate was kept as such at room temperature for crystallization. L2 are given in scheme 2 and figure 2b.
Synthesis of ligand H 2 L3
A solution of 2,4-dimethylphenol (2.5 g, 41 mmol), N ,N −diethylethylenediamine (1.5 mL, 20.6 mmol) and 37% aqueous formaldehyde (2.5 mL, 60 mmol) in methanol (30 mL) was refluxed with stirring for 24 h. The reaction mixture was cooled and filtered off. The residue obtained was washed with ice-cold methanol to give the bis-phenolate ligand as white solid. The crystals suitable for X-ray analysis were obtained from a CHCl 3 solution. mp: 142-144
• C (lit [24] : 143 • C) Yield: 2.0 g, 80%. Anal. calcd for C 24 
. The structure of complex 1 is given in figure 3.
Synthesis of complex [Zn 2 (L2) 2 ] (2)
A methanolic solution of the ligand H 2 L2 (0.328 g, 1 mmol) was treated with NaOH (0.80 g, 2 mmol) in water (5 mL) for 2 h to obtain corresponding sodium phenolate. To this anhydrous ZnCl 2 (0.136 g, 1 mmol) was added in methanol (10 mL), resulting in a yellowish solution. The mixture was stirred and refluxed at 60-70
• C for 3 h. The resulting turbid solution containing the complex [Zn 2 (L2) 2 ] (2) was filtered. The solvent was evaporated under reduced pressure to give [Zn 2 (L2) 2 ] (2) as a white solid.
The solid product was dissolved in CH 3 OH:H 2 O (95:5, v/v) and kept for crystallization. Upon standing at room temperature, the product crystallized out as figure 4a .
Synthesis of complex [Cu
The ligand H 2 L3 (0.384 g, 1 mmol) (in methanol: dichloromethane) (25 mL, 50:50 v/v) and triethylamine (280 μl, 2 mmol) (in methanol) were mixed and the reaction mixture was stirred for 2 h to obtain the deprotonated ligand L3. CuCl 2 .2H 2 O (0.170 g, 1 mmol) in methanol (10 mL) was added to the reaction mixture. The resulting dark brown solution was stirred and refluxed for 2 h and then the solvent was removed under pressure to afford a brown solid. The resulted brown solid was dissolved in dichloromethane: methanol (50:50 v/v) to get good quality crystals by diffusion method. mp: 208-210 
Single crystal X-ray crystallography
X-ray crystallographic studies for ligand H 2 L2, complexes 1 and 2 were carried out on a Bruker Apex-II diffractometer at ambient temperature 296(2) K and for the ligand H 2 L3 and the complex 3, the data collection was performed at temperature 298(2) and 173(2), respectively with a graphite monochromated MoKα (λ = 0.71073 Å) radiation source. The data refinement and reduction were performed by using standard procedure 26 for H 1 L3 and complex 3. The structures were solved by direct methods (SHELX 97) and refined against all data by full matrix least square on F 2 using anisotropic displacement parameter for all non-hydrogen atoms. All hydrogen atoms were included in the refinement at geometrically ideal positions and refined with a riding model. 27, 28 Empirical absorption corrections were applied to all structures using SADABS. 29 The perspective views of all reported compounds were obtained by using ORTEP program. 30 The crystallographic data and structural refinement details for ligands H 2 L2-H 2 L3 and complexes 1-3, are given in tables 1 and 2, respectively.
Phosphotriestrase activity
The PTE activity of complexes 1-3 was studied by employing 31 P NMR spectroscopy method. The hydrolysis of p-nitrophenyl diphenylphosphate (PNPDPP) by the zinc(II) and copper(II) complexes was determined by 31 P method. 19 The PTE activity of complexes was monitored by the disappearance of PNPDPP (triester) peak around −18.01 ppm and the appearance of a new peak for PNP (diester) around −10.01 ppm. In each case, the possible conversion of diester to the corresponding monoester was not monitored by 31 P NMR spectroscopy. 
Results and discussion
Synthesis
The tetradentate bis-phenolate family of ligands is synthesized from readily available starting materials; primary amines, formaldehyde and substituted phenols, in a single step using the Mannich-type condensation method. The symmetric ligands H 2 L1 and H 2 L3 were prepared by following a method reported in the literature with minor modifications. 24 These ligands were prepared in methanol under reflux conditions. The schematic representation for the synthesis of ligands H 2 L1-H 2 L3 is shown in scheme 2. The ligand H 2 L2 was synthesized by addition of N ,N -dimethylethylenediamine and formaldehyde to a methanolic solution of 4-methylphenol ( p-cresol). On the other hand, ligands H 2 L1 and H 2 L3 were prepared by addition of N ,N -dimethylethylenediamine or N ,Ndiethylethylenediamine, respectively, to a methanolic solution of formaldehyde and 2,4-dimethylphenol. The bis-phenolate ligands H 2 L1-H 2 L3 were chosen for this study as the tetradentate N 2 O 2 systems can hold two metal ions together for the hydrolysis reactions. It is well-established that suitably designed phenolate ligands with ethylenediamine arms strongly favour the formation of binuclear complexes.
31 Therefore, we thought it is worthwhile to utilize the ligands H 2 L2 and H 2 L3 to synthesize some binuclear zinc(II) and copper(II) complexes. The complexes 1-3 were synthesized by treating the appropriate ligands (H 2 L1-H 2 L3) with bases such as NaOH or triethylamine under reflux conditions, followed by treatment with suitable metal halides. The crystals of these complexes were obtained by slow evaporation method or vapour diffusion. (5) bond length with similar systems shows that the value is in good agreement with those reported in the literature. 33, 34 The complex 1 has one metal-bound water molecule similar to that in the active site of PTE enzymes. The hydrogen bonds present in complex 1 are listed in table 5.
3.2c Crystal structure of complex [Zn 2 (L2) 2 ] (2):
The crystal structure refinement data related to complex 2 are given in table 2 Symmetry transformations used to generate equivalent atoms: #1 x+1/2,−y+3/2,−z+2 #2 x−1/2,−y+3/2,−z+2 in literature. 35 The Zn-N bond lengths range between 2.157(4) and 2.192(3) Å. However, the Zn. . . Zn distance [3.155 (7)] in complex 2 is shorter than that of binuclear PTE (3.46 Å). 13 The (2) 97.49 (6) Cu ( 
36-38
The Cu-N (equatorial) bond length range between 2.066(16) and 2.079(16) Å are comparable with the corresponding values obtained for similar Cu(II)-diamine complexes. [36] [37] [38] The Cu-N (axial) bond lengths range between 2.483(16) and 2.413(16) are also comparable to those reported for Cu(II)-diamine complex. 39 The shortening of the Cu-N (equatorial) bond length • and 98.74 (16) • , respectively. It should be noted that the structure of complex 3 is almost identical to that of a Cu(II) complex derived from ligand H 2 L1 reported in the literature. 39 The crystal structure of complex 3 reveals the existence of C-H. . . π due to the presence of cocrystallized molecule CH 2 
Phosphotriesterase activity of complexes 1-3
The PTE activity of complexes 1-3 was studied by employing 31 P NMR spectroscopic methods. Interestingly, complex 1 exhibited high PTE activity by hydrolysing the phosphotriester substrate PNPDPP (scheme 3) and a complete hydrolysis took place within 2 h, when 20 mM of the catalyst and 20 mM of PNPDPP were used (figure S18). The 31 P NMR spectra indicate that the peak at −18.32 ppm for the phosphotriester disappeared completely to produce a new signal at −10.73 ppm for diester. A further conversion of diester to monoester was not observed (figure S18). Complex 1 also showed methanolysis of PNPDPP at ambient temperature, when methanol was used for the reaction (figure S17). The zinc complex 2, which does not contain any water molecule in coordination around metal centre, was not able to hydrolyse PNPDPP in methanol (figure S19). Similarly, complex 2 was found to be inefficient in hydrolysing PNPDPP in CHES buffer at pH 9.0 (figure S20), although the metal ion can generate a nucleophilic metal-bound hydroxide in CHES buffer/aqueous medium. However, the Zn-OH species required for the hydrolysis appears to be absent in both methanol/CHES buffer medium. This is presumably due to the high stability of the complex 2 in aqueous/methanolic medium. In contrast to complex 1, the binuclear complex 2 was found to be a poor mimic of PTE. In buffer, complex 2 was able to convert only a small amount of PNPDPP to diphenylphosphate after ∼3 h (figure S20). Similarly, the binuclear Cu(II) complex (3) was also found to be a poor mimic of PTE as compared to complex 1 (figure S22). As complex 3 is capable of generating metal-bound hydroxide in buffer, the conversion of PNPDPP to DPP took place within ∼2 h. However, the conversion of PNPDPP to DPP by complex 3 was found to be significantly slower than that of complex 1. The binuclear Cu(II) complex was not able to hydrolyse PNPDPP in methanol (figure S21). The 31 P NMR studies indicate that the mononuclear Zn(II) complex 1 exhibits significant PTE activity due to the presence of coordinated water molecule at the Zn(II) centre. The possible mechanism for the PTE activity by mononuclear Zn(II) complex (1) was studied by mass spectrometry. Mass spectrometric analysis indicated that the complex 1 forms a catalyst-substrate complex [Zn(L1-OH)PNPDPP] (1.1) in order to hydrolyse PNPDPP in CHES buffer at pH 9.0. The Zn(II)-catalysed methanolysis of phosphotriester has been previously reported by Brown and coworkers. 40 Similarly, complex 1 may activate methanol to methoxide, which can attack the electrophilic phosphorus centre of PNPDPP and cleaves the phosphotriester bond leading to the generation of diphenyl ester.
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The free ligand H 2 L1-H 2 L3 and simple metal salts (ZnCl 2 and CuCl 2 ) did not show any noticeable activity in methanol as well as in buffer. The activity of complex 1 and 3 can be ascribed to the presence of an activated Zn-OH/Cu(II)-OH species in buffer. It should be mentioned that the stability of the complexes in buffer/water is crucial for the hydrolytic activity of synthetic compounds. Certain active zinc(II) complexes that exhibit aminopeptidase activity are deactivated in the presence of water 41 . Although the dinuclear Zn(II) complex (2) is quite stable in buffer condition, it is inefficient in hydrolysing the triester completely. However, although complex 2 is efficient in hydrolysing phosphotriester, we could not detect any peak for the diester due to the insolubility of the catalyst-substrate complex/diester in the CHES buffer. On the other hand, complex 3 shows different behaviour in methanol and buffer. While this complex is inactive in methanol (figure S21) , it exhibited good PTE activity in CHES buffer. The mechanism is consistent with the report of Lippard et al 42 that the rate limiting nucleophilic attack of the hydroxo species at the substrate followed by fast protonation of the intermediates leads to the formation of the hydrolysed product.
3.3a Interaction of phosphotriester with complex 1:
To further understand the binding of phosphotriester to the zinc(II) complex 1, we have carried out the hydrolysis of PNPDPP by complex 1 in CHES buffer at pH 9.0 and the reactions were monitored by 31 P NMR spectroscopy and ESI-MS techniques. The mass spectrum of the reaction mixture indicated the formation of an intermediate complex [Zn(L1)-OHPNPDPP)] (1.1). The formation of complex 1.1 was further confirmed by MS-MS fragmentation of the parent ion. The 31 P NMR spectrum also indicted the formation of complex 1.1. The chemical shift observed for this complex (−3.31 ppm) is shifted downfield as compared to that of diphenylphosphate, indicating that the triphenylphosphate binds strongly to the mononuclear metal ion centre. This observation clearly suggests that the M(II)-hydroxo species formation in buffer is responsible for the observed PTE activity. According to this mechanism, the coordinated water to Zn(II) metal ion centre is converted to a Zn-OH species at pH 9.0 in buffer solution. An attack of the nucleophilic -OH at the P=O centre leads to the formation of intermediate complex 1.1. A peak at −11.56 ppm in 31 P NMR spectrum can be assigned to the catalyst-substrate complex (1.1). The nucleophilic attack of zinc(II) bound hydroxide at the phosphorous centre leads to the elimination of pnitrophenol. In the case of binuclear Zn(II) complexes, the mass spectral analysis indicated that PNPDPP does not bind strongly to Zn(II) metal ion centre. Similarly, we were not able to obtain MS-MS fragmentation of Cu(II) complex, probably due to insolubility of the intermediate complex in CHES buffer.
Conclusions
In this paper, we have described the synthesis of some symmetrical bis-phenolate ligands containing the N 2 O 2 donor sites and their corresponding mono/binuclear Zn(II) and Cu(II) complexes. The complexes presented in this report demonstrate the ability of the ONNO donor sites of ligands to Zn(II) and Cu(II) metal ions. These complexes were studied for the PTE activity. Among three complexes tested, the mononuclear Zn(II) having one water molecule at metal centre and a binuclear Cu(II) complex exhibit PTE activity. The binuclear Zn(II) complex is not efficient in hydrolysing PNPDPP to diester, which can be ascribed to the inability of this complex to generate a metal-bound hydroxide. In agreement with our previous studies on PTE mimics, mononuclear Zn(II) complexes having activated water molecules can exhibit significant PTE activity.
Supplementary material
The supplementary data include 1 H and 13 C NMR and mass spectra of the ligands H 2 L1, H 2 L2, H 2 L3 and complexes 1-3 (figures S1-S24).
